for monkeys, and potentially other medium-bodied mammals. Establishing discrimination for oxygen between these substrates for wild monkeys provides a foundation for future environmental and ecological research on modern and ancient organisms.
Introduction
Stable oxygen isotope (d 18 O) values provide a quantitative record of an animal's foraging ecology and can validate observational and morphological datasets [1] [2] [3] [4] [5] . These values vary as a function of habitat, dietary proclivity and physiology. Because mammalian tissues incorporate ingested food and water at a constant temperature, their d
18
O values track local environmental conditions, including humidity and temperature [2, 4] . This makes oxygen isotopes well suited for differentiating individuals that forage in different habitats or canopy heights [6] [7] [8] [9] [10] . Oxygen can also distinguish frugivores, folivores and omnivores [7] [8] [9] [10] .
Oxygen isotopes can be measured in three substrates within a bone or tooth: phosphate in bioapatite, carbonate in bioapatite, and collagen. Carbonate and phosphate were traditionally targeted because they can preserve biogenic isotope values for long periods of time. However, both are susceptible to diagenetic alteration, particularly in bone [10] . Collagen may be a better substrate for modern or historic studies. It can be analysed for more isotopes (i.e. carbon, nitrogen, oxygen, hydrogen and sulfur), and it is relatively straightforward to isolate and assess preservation.
Researchers increasingly use oxygen isotopes to identify diet and habitat for modern and fossil primates, including our hominin ancestors [6] [7] [8] [9] . Establishing how d
18 O values in collagen and carbonate are offset would enable comparisons among existing datasets, as well as modern, archaeological and palaeontological assemblages with differing degrees of preservation [11] . It has long been recognized that the carbon in bone carbonate and collagen differentially incorporate dietary macronutrients [12] . However, macronutrient routing between these substrates is fairly consistent among individuals with similar diets or physiologies (e.g. most primates), which leads to a predictable intra-individual difference in d
13
C carbonate and d
C collagen [13] . [11] . Discrimination between enamel carbonate and bone collagen is ca 13 -15‰ for laboratory rats raised on synthetic diets [11] . Theoretically, d
18
O carbonate and d
O collagen should be similar because the oxygen they incorporate derives from body water, which is a mixture of inspired air, drinking water, free water in food and metabolic water from ingested organic compounds [3 -5,11] 
Material and methods
I collected bone samples from osteological collections at three localities in northern Costa Rica (figure 1): Hacienda La Pacifica (HLP), which includes reclaimed pasture, dry deciduous and evergreen riparian forests; Sector Santa Rosa (SSR), which is primarily secondary dry deciduous forest [14] ; and El Zota (EZ), which is composed of tropical lowland and swamp forests [15] . I sampled all available material at each locality. potential isotopic differences related to species and element, I analysed rib from 14 mantled howler monkeys (Alouatta palliata) at HLP. This sample included similar numbers of males and females, and individuals from riparian and dry forest (table 1) . To assess consistency of isotopic patterns among species and between geographically and ecologically diverse habitats, I also analysed bone from howlers, white-headed capuchins (Cebus capucinus), and black-handed spider monkeys (Ateles geoffroyi) at SSR and EZ. Spider monkeys consume predominantly fruits, howlers prefer foliage and capuchins are omnivorous [17] . While spider monkeys and capuchins drink water daily during the dry season [18, 19] , howlers obtain most of their water from their food and have only been observed to drink standing water during the rainy season [16] . Bone carbonate samples were powdered and treated with 30% H 2 O 2 and 1 M Ca-buffered acetic acid. Collagen samples were fragmented and demineralized in 0.5 M HCl. Lipids were removed with petroleum ether. All samples were rinsed using ultrapure water and lyophilized (see [13] ). Carbonate was analysed at the University of California (UC), Santa Cruz Stable Isotope Laboratory using a Micromass Optima gas source mass spectrometer integrated with an Isocarb automated carbonate device. Samples were dried under vacuum at 658C and dissolved in 100% H 3 PO 4 at 908C prior to analysis. Data were corrected using NBS-19 and Carrera Marble. Collagen was analysed at the UC Davis Stable Isotope Facility using an Elementar PyroCube interfaced to a PDZ Europa 20 -20 isotope ratio mass spectrometer. Data were corrected using IAEA 600, 601 and 602, alanine and glutamic acid. Among the international standards, precision was less than or equal to 0.1‰ for NBS-19 (n ¼ 10), IAEA 600 and IAEA 601 (n ¼ 6 each), but 1.5‰ for IAEA 602 (n ¼ 5). Average d I used nonparametric two-tailed Mann -Whitney U tests to compare males and females and individuals from riparian and dry forest at HLP. Very small sample sizes (n , 5) preclude evaluation of isotopic differences among species at EZ or SSR. I used Kruskal -Wallis with Mann -Whitney U post hoc tests to examine isotopic differences among individuals from the three localities. I confirmed homoscedasticity using Levene tests. Variances are equal for all comparisons except D 18 O carbonate -collagen between sexes at HLP (variance is larger for males, p ¼ 0.034). All tests were performed using JMP v. 5.1 with significance set at a ¼ 0.05.
Results
There are no differences in d 18 rsbl.royalsocietypublishing.org Biol. Lett. 10: 20140759 (table 1 and figure 2 figure 2 ). This site receives substantially more precipitation and is more humid than the other localities (figure 1). Humidity and temperature differences between habitats at HLP, and between HLP and SSR, are negligible in comparison.
As [13] .
Discrimination for Costa Rican monkey species (17.0-19.3‰; table 1) is larger than that previously reported for laboratory rats (ca 13-15‰; [11] ). This difference could reflect substrate analysed, dietary differences, or metabolic differences. Tooth enamel was analysed for rats. However, because young rats were sampled, bone and enamel d
18
O carbonate values should have been comparable for these individuals [10] . Diet or drinking frequency may explain the observed difference between monkeys and rats. While rats ate isotopically homogeneous chow and drank ad libitum, monkeys consumed a mixture of foods and had limited access to water, particularly at SSR [19] . However, differences in diet and drinking frequency among monkey species do not affect D
O carbonate -collagen values at this locality (figure 1). Additionally, environmental differences among localities do not impact monkey D
O carbonate -collagen values. Metabolic differences between 4-10 kg monkeys and 40-400 g rats may be the most likely explanation [1, 3, 4] . It is well established that the contribution of drinking water to oxygen in bone carbonate increases with increasing body size [1, 3] . However, the isotopic effects of metabolic processes involved in the synthesis of bone collagen remain poorly understood [5, 11] . Differences in the relative contributions of oxygen sources to these two substrates with increasing body mass could explain the observed differences in discrimination between rats and monkeys. Determining the effects of metabolism on D 18 O carbonate -collagen values is a potential direction for future research.
Conclusion
Oxygen isotope values in monkey bone carbonate and collagen can distinguish animals from different environments and may be able to detect dietary differences among species. Similar discrimination for three New World monkey species from three localities suggests that average D
18
O carbonate -collagen (17.6‰) can be used to compare isotopic data obtained from the two substrates in monkeys, and potentially other medium-bodied mammals. These results provide a foundation for future research aimed at reconstructing environmental conditions as well as ecological niches through time.
